Introduction {#Sec1}
============

Various neurological diseases in children, e.g. infantile cerebral palsy (ICP) or tethered cord syndrome, can cause juvenile neurogenic flatfoot (JNF).^[@CR1],[@CR2]^ Insufficiency of the longitudinal-arch-building muscles, especially of the Musculus tibialis posterior has a major impact in the pathogenesis of JNF. In addition, the valgus position of the heel results in a secondary shortening of the Achilles tendon and thus the development of a pes equinus. In neurologically unimpaired children, being overweight, male gender and older age are considered as risk factors for development of juvenile flatfeet (JF).^[@CR3],[@CR4]^ In both cases, structural changes can lead to a rigid flatfoot. The optimal therapy is still discussed controversially, and treatment recommendations especially differ between JNF and JF. In normally developed children with JF, the therapy consists of initial conservative management with strengthening of the longitudinal-arch-building muscles and walking barefoot.^[@CR5]^ In case of conservative therapy failure, pain or loss of range of movement, surgical treatment is recommended. Here, various surgical options, such as subtalar arthroereisis (SA), subtalar arthrodesis, calcaneus osteotomies (e.g. Evans-osteotomy or Dwyer-osteotomy) and/or muscle tendon transfers^[@CR6]-[@CR10]^ have been evaluated. For the conservative treatment of neurologically impaired children with JNF a large variety of orthoses, insoles or plaster retention therapies are used. Given that the neurological disorders cannot be influenced the mean goal of therapy for JNF is a better mobilization of the children whereas in patients with JF the development of a physiological foot is desired.^[@CR11]^ If conservative therapy fails or a replacement for an orthosis seems reasonable, surgical treatment with similar surgical techniques as in JF can be performed. However, the treatment of JNF with SA is seen rather sceptically^[@CR12]^ as strengthening of the longitudinal-arch-building muscles -- which is essential for the success of the SA -- is not possible in JNF.

To further evaluate the outcome of SA we conducted a retrospective matched pair study of paediatric patients with cerebral palsy and JNF in comparison with patients without neurological disease.

The primary hypothesis was that JNF will show an inferior radiological outcome following SA in comparison with JF.

Patients and methods {#Sec2}
====================

Patients {#Sec2.1}
--------

In the period between October 2007 to April 2018 80 patients with 149 flatfeet have been treated by SA in our department. In all, 25 of them met our match pair criteria ([Fig. 1](#F1){ref-type="fig"}). The study group consists of 11 patients (ICP) with 19 JNF which were compared with 14 patients with 19 JF (control group).

![Study and control group (SA, subtalar arthroereisis; ICP, infantile cerebral palsy; FU, follow-up).](jco-13-346-g0001){#F1}

Included were children with: 1) JNF or JF with age at surgery ≤ 13 years; 2) treatment with SA; 3) presence of three sets of biplane radiographs (preoperative, postoperative and follow-up (FU)) under full weight-bearing with anteroposterior (AP) and lateral view.

Match pair criteria were: 1) same age at index surgery with SA (± one year); 2) comparable navicular-cuboidal-index (NCI) ≤ 25% preoperatively; and 3) a comparable FU period.

Methods {#Sec2.2}
-------

The following demographic parameters were assessed: 1) mean age at surgery; 2) gender; 3) affected side; 4) Gross Motor Function Classification System (It's the link, here should be a reference number) score of ICP patients; and 5) additional soft-tissue surgery. The routine radiographs were analyzed for the following established parameters and indices: 1) NCI (relative overlap of Os naviculare and Os cuboideum lateral view); 2) talocalcaneal angle lateral (TCA lat); 3) talocalcaneal angle AP (TCA AP, kite angle); 4) calcaneal-pitch (CP); and 5) talometatarsal-index (TMTI) ([Fig. 2](#F2){ref-type="fig"}).

![(**a**) Preoperative lateral view of an eight-year-old boy with infantile cerebral palsy (ICP) (navicular-cuboidal-index (NCI) 53.3%; talocalcaneal angle lateral (TCA lat) 48.2°; calcaneal-pitch (CP) 8.6°); (**b**) postoperative control; (**c**) one-year postoperative; (**d**) two-years postoperatively and after implant removal with physiological foot position (NCI 26.3%; TCA lat 32.1°; CP 17.5°) (\*CP; \#TCA lat; +NCI).](jco-13-346-g0002){#F2}

Measurements were conducted by the first (HK) and fourth (CL) authors using a certified radiographic image viewer (Sectra Workstation IDS7, Linköping, Sweden).

Treatment protocol SA {#Sec2.3}
---------------------

Examination of calf muscle length by dorsal flexion of the ankle joint while the subtalar joint is held in realigned position in hindfoot correction is carried out. In case of additional equinus deformity, calf muscle or Achilles tendon lengthening (e.g. Baumann- or Strayer-technique) is performed, when dorsal flexion of the upper ankle joint is below 5°. In blood-arrest, disinfection and lateral incision (1 cm to 2 cm) over the sinus tarsi is carried out. Then the subcutaneous tissue is prepared with exposure of the sinus tarsi. The subtalar joint complex is reducted and a Kirschner-wire inserted in the calcaneus below the lateral process of the talus in cranio-caudal direction. The correct position of the wire is controlled with an image intensifier in two planes and if necessary corrected. The Kirschner-wire is over-drilled and a 7.0 mm cannulated cancellous bone screw (length 25 mm to 30 mm) is screwed in the calcaneus (the correct position is achieved when the screw is below the lateral process of the talus). Then, the result is clinically and radiologically evaluated, and afterwards a subcutaneous and intracutaneous skin suture is performed. Then, a final clinical examination of the range of movement is carried out.

Full weight-bearing immediately postoperatively is allowed. In case of pain, partial weight-bearing on crutches was advised.

Statistical analysis {#Sec2.4}
--------------------

Results are presented as mean value ([sd]{.smallcaps}) or standard error of the mean ([sem]{.smallcaps}) using IBM SPSS Statistics Version 23 (Armonk, NY, USA).

Statistical significance was calculated by the unpaired Student's *t*-test, using IBM SPSS Statistics Version 23. A p-value \< 0.05 was considered significant.

Results {#Sec3}
=======

The mean age at surgery of the JNF group was 9.2 years ([sd]{.smallcaps} 2.2; 5 to 13). The mean FU to the first postoperative control radiograph was 6.0 months ([sd]{.smallcaps} 5.4; 0 to 19) and 35.2 months ([sd]{.smallcaps} 27.9; 7 to 100) to the last FU examination. In all, 13 cases (68.4%) were male. An additional soft-tissue procedure (intramuscular lengthening (recession) of the gastrocnemius muscles (Baumann procedure)) was conducted in six cases (31.6%). Nine JNF (47.4%) presented with a GMFCS level II and six (31.6%) with a GMFCS level III ([Table 1](#T1){ref-type="table"}).

###### 

Age at operation in years

  Match   Age at operation   Sex   ICP   GMFCS score   Side   NCI preoperatively   NCI postoperatively   NCI FU   FU, mths   Operation
  ------- ------------------ ----- ----- ------------- ------ -------------------- --------------------- -------- ---------- -----------
  1       9                  M     Y     4             R      51                   28                    26       7          A
  1       9                  M     N                   L      54                   19                    13       8          A
  2       9                  M     Y     4             L      53                   39                    29       7          A
  2       9                  M     N                   R      66                   9                     13       8          A
  3       9                  F     Y     1             R      63                   18                    6        100        A
  3       9                  M     N                   R      63                   46                    27       75         A
  4       9                  M     Y     3             R      54                   26                    4        62         A
  4       9                  F     N                   L      46                   31                    29       48         A
  5       9                  M     Y     3             L      64                   17                    6        62         A
  5       9                  M     N                   L      47                   15                    35       75         A
  6       13                 M     Y     2             R      17                   22                    25       8          A
  6       13                 M     N                   L      27                   18                    14       29         A
  7       13                 M     Y     2             L      28                   15                    45       8          A
  7       13                 M     N                   L      38                   4                     11       10         A
  8       11                 F     Y     3             R      37                   36                    45       27         A
  8       11                 F     N                   R      36                   19                    22       33         A
  9       11                 F     Y     3             L      42                   18                    42       27         A+B
  9       11                 F     N                   R      63                   22                    35       31         A+B
  10      7                  F     Y     2             R      37                   21                    15       28         A+B
  10      8                  M     N                   R      39                   16                    27       53         A+B
  11      7                  F     Y     2             L      45                   34                    18       28         A+B
  11      7                  F     N                   L      45                   44                    58       35         A+AL
  12      8                  M     Y     2             L      53                   25                    51       21         A+B
  12      8                  M     N                   R      56                   28                    31       15         A
  13      10                 M     Y     2             R      70                   67                    52       14         A+B
  13      10                 F     N                   L      53                   27                    13       39         A
  14      10                 M     Y     2             L      71                   10                    15       14         A+B
  14      10                 M     N                   L      60                   37                    5        22         A
  15      9                  M     Y     2             R      22                   14                    1        19         A+B
  15      10                 M     N                   L      20                   8                     12       79         A
  16      9                  M     Y     2             L      23                   28                    27       19         A+B
  16      10                 M     N                   R      27                   15                    5        78         A
  17      11                 M     Y     1             L      40                   15                    14       42         A+B
  17      11                 F     N                   R      36                   19                    22       33         A
  18      5                  M     Y     3             R      47                   48                    60       79         A+B
  18      5                  M     N                   R      40                   35                    71       28         A
  19      5                  M     Y     3             L      40                   35                    71       79         A+B
  19      5                  M     N                   R      39                   38                    38       28         A

ICP: infantile cerebral palsy; GMFCS: Gross Motor Function Classification System; NCI: navicular-cuboidal-index (in %); FU: follow-up; A, arthroereisis; B, Baumann procedure; AL, lengthening of Achilles tendon

The mean age at surgery in the JF group was 9.3 years ([sd]{.smallcaps} 2.2; 5 to 13) and mean FU to the first postoperative control radiograph was 8.1 months ([sd]{.smallcaps} 14.3; 1 to 65) and 39.4 months ([sd]{.smallcaps} 22.8; 8 to 79) to the last FU examination. In all, 13 (68.4%) of the cases were male. A total of 14 cases were treated solely with SA (73.7%), four with SA and additional Baumann procedure (21.1%) and in one case with SA and lengthening of Achilles tendon (5.1%).

Postoperative complications were not detected.

Comparison of the radiological parameters within the JNF group {#Sec3.1}
--------------------------------------------------------------

A significant decrease of the NCI was seen in comparison of preoperative (45.4%) to postoperative (27.7%), respectively FU (22.9%) (p = ≤ 0.001 and p = ≤ 0.05) ([Fig. 3](#F3){ref-type="fig"}). Likewise, an improvement of the TCA lat. preoperatively in comparison with postoperatively and FU was detected (p = ≤ 0.001 and p = ≤ 0.05) ([Table 2](#T2){ref-type="table"}).

![(**a**) Navicular-cuboidal-index (NCI): significant improvement of the index in comparison of preoperative with postoperative and follow-up (FU) in both groups (\*p ≤ 0.05; \*\*p ≤ 0.001); (**b**) talocalcaneal angle a.p. (TCA AP): improvement of the values preoperatively compared with FU in the juvenile flatfeet (JF) group, no permanent improvement (preoperative to FU); (**c**) talocalcaneal angle lateral (TCA lat): significant improvement of the angle in both groups, deterioration again in the JF group; (**d**) calcaneal-pitch (CP): improvement in the JF group preoperatively and postoperatively compared with FU. Moreover, detection of a significant higher CP in the JF group compared to the juvenile neurogenic flatfeet (JNF) group preoperatively; (**e**) talometatarsal-1-index (TMTI): improvement of the index in comparison between preoperative and postoperative and FU in the JF group (n = 38) (pre-OP: preoperative; post-OP: postoperative, JF: juvenile flatfeet, JNF: juvenile neurogenic flatfeet).](jco-13-346-g0003){#F3}

###### 

Mean values of CP, TCA AP, TCA lat and NCI, TMTI preoperative, postoperative and FU of the juvenile flatfeet (JF, no ICP) group and juvenile neurogenic flatfeet (JNF, ICP) group

                                                 ICP                                          No ICP                                       *t*-test ICP *vs* no ICP
  ---------------------------------------------- -------------------------------------------- -------------------------------------------- ------------------------------------------
  Calcaneal pitch (CP)                                                                                                                     
  Preoperative                                   7.2°                                         11.4°                                        0.045[\*](#tbl2fn3){ref-type="table-fn"}
  Postoperative                                  10.7°                                        11.4°                                        n.s.
  FU                                             10.1°                                        13.6°[\*\*](#tbl2fn3){ref-type="table-fn"}   n.s.
  Talocalcaneal angle anteroposterior (TCA AP)                                                                                             
  Preoperative                                   36.7°                                        35.0°                                        n.s.
  Postoperative                                  33.8°                                        30.7°\*                                      n.s.
  FU                                             36.2°                                        30.4°                                        n.s.
  Talometatarsal index (TMTI)                                                                                                              
  Preoperative                                   15.4                                         11.8                                         n.s.
  Postoperative                                  11.8                                         5.9[\*\*](#tbl2fn3){ref-type="table-fn"}     n.s.
  FU                                             12.5                                         7.6[\*\*](#tbl2fn3){ref-type="table-fn"}     n.s.
  Talocalcaneal angle lateral (TCA lat)                                                                                                    
  Preoperative                                   43.1°                                        44.0°                                        n.s.
  Postoperative                                  36.8°[\*\*](#tbl2fn3){ref-type="table-fn"}   39.2°[\*\*](#tbl2fn3){ref-type="table-fn"}   n.s.
  FU                                             38.6°[\*](#tbl2fn3){ref-type="table-fn"}     42.9°[\*\*](#tbl2fn3){ref-type="table-fn"}   n.s.
  Navicular-cuboidal-index (NCI)                                                                                                           
  Preoperative                                   45.4%                                        45.0%                                        n.s.
  Postoperative                                  27.7%[\*\*](#tbl2fn3){ref-type="table-fn"}   23.3%[\*\*](#tbl2fn3){ref-type="table-fn"}   n.s.
  FU                                             22.9%[\*](#tbl2fn3){ref-type="table-fn"}     23.4%[\*\*](#tbl2fn3){ref-type="table-fn"}   n.s.

ICP: infantile cerebral palsy; FU: follow-up; n.s.: no significance

The comparison between both groups shows a significant difference of the CP preoperative (p = 0.045), the other values show no significant (n.s.) differences

\*p ≤ 0.05, \*\*p ≤ 0.001 = significant changes within the JF or JNF group in comparison of preoperative, postoperative and FU

Comparison of the radiological parameters within the JF group {#Sec3.2}
-------------------------------------------------------------

Our data show an improvement in three parameters ([Fig. 3](#F3){ref-type="fig"}): 1) the NCI showed a significant decrease preoperatively (45.0%) compared with postoperatively (23.3%, p = ≤ 0.001) and preoperatively to FU (23.4%, p = ≤ 0.001); 2) the CP preoperatively compared with postoperatively and FU was significantly increased (p = ≤ 0.05); and 3) the examination of the TMTI showed an improvement preoperatively compared with postoperatively (p=≤0.001) and at FU (p = ≤ 0.001). The analysis of the TCA lat and AP showed initially a significant decrease (p = ≤ 0.001 and p = ≤ 0.001, respectively). However, a significant deterioration of the TCA lat in the FU control compared with postoperatively (p = ≤ 0.001) was seen. A permanent improvement of the TCA AP could not be seen (preoperative to FU) ([Table 2](#T2){ref-type="table"}).

Comparison of the radiological parameters between JNF and JF {#Sec3.3}
------------------------------------------------------------

A significant difference of the radiological parameters between JNF and JF was only detected for the CP preoperatively (p = ≤ 0.05). All other parameters showed no significant differences between the two matched pair study groups ([Fig. 3](#F3){ref-type="fig"}, [Table 2](#T2){ref-type="table"}).

The interrater reliability of the radiographic measurements was calculated at 0.81.

Discussion {#Sec4}
==========

The treatment of JNF with SA is still discussed controversially. Recent studies report good success rates in treating JNF with SA compared with other treatment modalities. However, opponents view the treatment SA rather sceptically.^[@CR9],[@CR12]-[@CR14]^

We could show in a matched-pair study design, that SA results in a significant improvement of the flatfoot deformity in children with and without neurological impairment by ICP. In both, JNF and JF, a significant decrease of the NCI was seen. In addition, CP and TMTI also improved in the group without ICP. In summary, no relevant negative effect of surgery on outcome compared with preoperatively was seen. The comparison of the two groups revealed only a significant change of CP preoperatively. In both groups, relevant complications after surgery were not detected.

Therapy recommendations for treatment of JNF are diverse and still under critical investigation.^[@CR13]^ Currently, especially calcaneal osteotomies, muscle tendon transfers and arthrodeses are conducted. Evan's calcaneal lengthening osteotomy, for example, has shown good results in treatment of JNF in many studies.^[@CR14],[@CR15]^ Zeifang et al^[@CR16]^ showed in their prospective study excellent and good outcomes in 65.2% of JNF treated with Evan's osteotomy (poor outcome: 15.2%). However, the main disadvantages of calcaneal osteotomies are invasiveness and a long rehabilitation time with partial weight-bearing until the osteotomy is consolidated. Muscle tendon transfers or combined interventions are also successful in treating flatfeet in both healthy and neurological patients.^[@CR17]-[@CR19]^ Being less invasive than calcaneal osteotomies, these surgical options also have a longer recovery time with partial weight-bearing and/or plaster retention therapy. Further therapy options for JNF are different types of arthrodeses. Here, Bollmann et al^[@CR20]^ showed a significant improvement in long-term examinations of radiological parameters after Grice-Green subtalar arthrodesis but the loss of range of movement in the subtalar joint must be critically considered in those young patients.

Therefore, SA is recently being discussed as another alternative minimally invasive treatment option. However, there is no consensus as to whether SA is useful in treating flatfeet in patients with neurological diseases.^[@CR1],[@CR12]^ Smith et al^[@CR12]^ showed that arthroereisis with the Sta-Peg system (Smith-Design, Wright Medical, Memphis, TN, USA) is not successful in patients with ICP and the authors connect the therapy failure to the disorder in the muscles. Related to this, one main aspect in discussion is that the success of SA is based not only on the mechanical blocking of the subtalar joint and calcaneus but also by influence of the proprioceptive system and herewith muscle groups that actively raise the longitudinal arch of the foot.

Until now, this additional effect by SA has not been proven in children with neurological diseases. However, other authors assume that the spastic malposition cannot only be explained by hyperfunction of a muscle group but also by weakness of the antagonist muscles.^[@CR11],[@CR21]^ JNF can be related to shortening of the gastrocnemius muscle and/or spastic peroneal muscles respectively to weakness of the extensors and supinators. In our study we have not seen children with spastic peroneal muscles. But the improvement of the radiological parameters in patients with JNF could be an explanation for the success of SA even in neurological flatfeet with or without shortening of the gastrocnemius muscle. Confirming our findings, recent studies showed a successful mid-term outcome of nonfusion SA using a subtalar joint stabilizer in comparison with Dennyson-Fulford subtalar arthrodesis.^[@CR9]^

Another advantage of SA is the low complication rate postoperatively^[@CR22],[@CR23]^ in comparison with osteotomies and arthodeses.^[@CR16],[@CR20]^ This is also consistent with our results. No complications occurred in either of our two groups. Nevertheless, soft-tissue procedures like operations according to Baumann or Strayer respectively for Achilles tendon lengthening are necessary to treat flatfeet with a pes equinus component.^[@CR24],[@CR25]^

Limitations of our study are that further analysis of subgroups according to the different GMFCS levels was not suitable because of the relatively small patient group which is mainly based on the restrictive inclusion criteria for the matched-pair design. Furthermore, the impact of additional soft-tissue surgery with plaster treatment postoperatively is not further analyzed. Clinical scores were also not collected, because these could not be adequately assessed due to the underlying neurological disease. In addition, further analyses such as gait analysis, pedobarography and energy consumption are needed to supplement the results. Therefore, the focus was on the radiological outcome.

Conclusion {#Sec5}
==========

Based on this data, treatment of flatfeet by SA in patient with neurological disorders shows an improvement of radiological parameters comparable with neurologically unimpaired patients and might be considered as additional treatment option.
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